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Abstract—This paper describes a technique for exploiting cir-
cuit instability to achieve baseband linear amplification. The input
signal is periodically sampled by a first-order unstable circuit, and
amplification is achieved by the exponentially growing natural re-
sponse. A low-pass sampled amplifier response is achieved. An op-
erational amplifier implementation of the circuit is described, and
the main practical limiting factors are presented. Several applica-
tions and experimental results are provided.

Index Terms—Amplifiers, analog circuits, circuit stability, low
power, superregenerative receiver.

I. INTRODUCTION

L INEAR circuits are fundamental building blocks in analog
signal processing. The response of a linear circuit may be

written as the sum of two components: the natural response and
the forced response. It is a well-known fact that the shape of the
natural response only depends on the circuit and is independent
of the input signal [1]. All of the natural poles in a stable circuit
are located in the left half of the complex -plane, which trans-
lates into a natural response that vanishes as . Circuit
stability is usually required for a circuit to perform as an analog
signal processor, because otherwise an exponentially growing
term of the natural response would mask the desired forced re-
sponse. From this, it follows that circuit instability is often con-
sidered to be an undesirable phenomenon and one that should
be avoided.

To gain some insight into how an unstable system could per-
form a useful task, we can look to a very different field to the
one considered herein. Consider an inverted pendulum (Fig. 1) :
a rod is kept near the unstable upper equilibrium point for
and is released at . Even for a very small displacement
from the equilibrium point, the rod soon deviates appreciably
from the vertical line. In the absence of external perturbations,
if the system is photographed after a fixed period of time ,
the angular position of the rod in the photograph allows one to
infer the exact angle at which the mass was released at . In
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Fig. 1. Inverted pendulum example. Rod slightly apart from the equilibrium
position at � � � and at the instant � � � .

this system, instability provides great amplification of the initial
displacement.

Regenerative comparators [2] may be interpreted in a qualita-
tively similar way to the system described: they take advantage
of the instability that results from positive feedback to achieve
fast switching. Regenerative comparators have proven to be the
optimum choice in switching time versus low power consump-
tion [2], [3].

Superregenerative receivers [4] are another class of circuits in
which instability plays a major role. This class of receiver con-
sists of a variable gain amplifier that is fed back by a bandpass
filter. The variable gain allows making the overall system stable
or unstable, i.e., exhibiting decaying or raising oscillations, de-
pending on a periodic external quench signal. Analyzing a su-
perregenerative receiver in the so-called linear mode of opera-
tion shows that the peak amplitude of the generated RF pulses is
dependent on the amplitude of an RF input signal injected into
the receiver at certain time intervals [4]–[6]. In these receivers,
the exponentially growing response during the unstable inter-
vals allows one to achieve a significant amplification factor with
remarkably low power consumption. As in the example of the
inverted pendulum, higher amplification is achieved by giving
the system more time to operate in the unstable region.

In Section II, this paper describes a baseband implementation
of a superregenerative receiver proposing a simple first-order
circuit in which samples of an input signal are periodically am-
plified by the exponentially growing natural response of an un-
stable circuit [7]. Implementation-specific details on using an
operational amplifier (OA) as the active element are given in
Section III, whereas Section IV is devoted to describing several
applications and experimental results of the proposed approach,
including a low-power linear amplifier, a variable-gain ampli-
fier, a logarithmic amplifier, and a mixer. Concluding remarks
are provided in Section V.

II. BASIC OPERATION

Consider the basic circuit diagram depicted in Fig. 2, in which
the ideal switch is opened at .
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Fig. 2. Basic circuit.

Fig. 3. Equivalent block diagram.

Straightforward analysis in the Laplace domain [7] shows that
the transfer function

(1)

is given by

(2)

with

(3)

The circuit response to an input

(4)

may be written as

(5)

where, defining

(6)

(7)

the natural and the forced responses are, respectively, given by

(8)

(9)

Assuming that is positive, the product RC may become neg-
ative if or . If either of these conditions
holds, the transfer function (2) has a pole in the right-hand plane
and the circuit is said to be unstable. In this case, we may define
the positive time constant of the natural response as

(10)

As increases up to an instant , the natural response
soon becomes the dominant term in , provided that the
active devices remain in the linear range of operation.

The response of the circuit in Fig. 2 for may also
be viewed in terms of the equivalent system depicted in Fig. 3.

The block labeled as is a low-pass filter with a transfer
function given by (2) and taking . Despite being unstable,
this equivalent filter is assumed to give the response

(11)

to the input shown. The sampling function is a Dirac im-
pulse

(12)

the pulse-shaping block labeled is a linear time-invariant
system characterized by a normalized impulse response

(13)

exhibiting a maximum value of unity, i.e.,

otherwise
(14)

and the amplification factor is given by

(15)

If the forced response can be neglected, it follows that the ob-
served response is an exponentially growing pulse whose final
amplitude at is proportional to that of the sample of

at by a factor that may become extremely large.
Now, if the switch in Fig. 2 is closed at and opened

at the next sampling instant , the preceding analysis is
still valid if a new time origin, is taken. Periodi-
cally, repeating the procedure gives a response composed of ex-
ponentially growing pulses each conveying a sample of .
During the time intervals in which the switch is open, this output
is also the response of the system in Fig. 3, taking the sampling
function as

(16)

Now, since the circuit is linear, this result may be applied to
any signal that can be written as a linear combination of signals
of the type (4), i.e., any signal for which the Fourier transform
exists.

An outline of the resulting waveform for a sinusoidal input
signal is depicted in Fig. 4.

III. IMPLEMENTATION

There are several options for implementing a circuit that be-
haves like the circuit depicted in Fig. 2. Next, we will address
the implementation of a negative resistance based on the nega-
tive immittance converter principle depicted in Fig. 5, [8]. Bal-
anced implementations based on cross-coupled transistors, such
as those described in [9], are also possible and may be the best
option for higher frequencies.
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Fig. 4. Typical waveforms for a sinusoidal input signal. The dashed line repre-
sents the envelope of the pulses. Signals are not to scale, i.e., � ��� is typically
several orders of magnitude greater than � ����

Fig. 5. Negative resistance implemented with a voltage-controlled voltage
source.

The voltage-controlled voltage source in Fig. 5 may corre-
spond to an OA-based noninverting amplifier. Straightforward
analysis of the circuit in Fig. 5 shows that the input impedance
is given by

(17)

which results in a negative resistor if . For
instance, if , then .

A. Amplifier Bandwidth

To evaluate the bandwidth requirement on , we may first
compute the Fourier transform of ,

(18)

If , the real exponential in the numerator of (18) may be
neglected, so that the bandwidth of may be approximated
by

(19)

Now, if we consider the common case in which has a dom-
inant pole, i.e.,

(20)

the input impedance (17) results in

(21)

which has an equivalent circuit, as depicted in Fig. 6 with

(22)

(23)

(24)

To analyze the influence of the pole of or, equivalently, that
of the series combination on the overall circuit (Fig. 2)
behavior, we may compute the resulting response to an input

, which results in

(25)

where the poles are given by

(26)

(27)

and the corresponding residues are

(28)

(29)

(30)

with

(31)

(32)

(33)

(34)

Note that, if is sufficiently large, , which is associated with
an exponentially decaying term, may be approximated by

(35)

while the dominant, unstable pole may be approximated by

(36)

as in the ideal case. This result may be obtained rewriting (34)
as

(37)

and making use of

(38)

which holds for small .
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Fig. 6. Equivalent circuit of the negative impedance.

In the general case, the dominant residue depends on the
input signal frequency and the particular circuit element values.
From (29), it is clear that exhibits a first-order low-pass re-
sponse with a -dB cutoff frequency

(39)

which may be used as an estimate of the equivalent system’s
bandwidth and a low-frequency amplification given by

(40)

As a result, the effect of the pole in is to add an expo-
nentially decaying response term related to , which may be
neglected, and to change the time constant of the exponentially
growing term, related to . Hence, the results from Section II
may still be applied taking the time constant

(41)

Similarly, if we are only interested in the natural response, the
equivalent system depicted in Fig. 3 is still valid if we substitute

(42)

and dropping the path corresponding to the forced response.

B. Slew Rate and Switch on Resistance

When the switch is in the OFF-state, the amplifier slew rate
(SR) limits the maximum amplitude that may be achieved for a
given time constant . Specifically, if the amplifier output has to
exhibit an exponential response given by

(43)

which achieves an amplitude at , it is required that

(44)

to preserve the exponential shape.
Also, for the switch to effectively discharge the capacitor be-

tween , it is necessary that

(45)

assuming that the switch ON resistance can be neglected.
If this is not the case, the switch-ON resistance must

be sufficiently small to allow discharging to a sufficiently

negligible value. To ensure more than dB attenuation, this
means that

(46)

where

(47)

IV. APPLICATIONS AND RESULTS

A. Low-Power Linear Amplifier

The technique described allows exponentially growing pulses
to be generated, providing samples of an amplified version of
the input signal. For a given sampling frequency , in-
creasing allows high gain to be achieved in a single stage,
and this may reduce overall power consumption as a result.

In this case, it is worth pointing out that the resulting gain
times bandwidth product may be higher than the gain-band-
width product of the OA that implements the negative
resistance. This is explained by the fact that, despite of the high
amplification achieved by the circuit, the OA actually works in
a low gain (typically 2) configuration.

Consider an input signal of bandwidth , which is sampled
at a frequency , with . From (15), the gain,
expressed in decibels (dB)

(48)

is given by

(49)

Now, if we consider to be a fraction of the sampling period,
i.e.,

(50)

we may write

(51)

where is given in dB. Since and are constants, and is
an intrinsic parameter of the given amplifier configuration, it
follows that the product (dB) in (51) is a constant. Thus,
halving the signal bandwidth allows the achievable gain (in dB)
to be doubled. From this, it follows that, for sufficiently small

, the linear GB product eventually becomes larger than�� .
This may allow the total number of stages required to achieve a
prescribed gain to be reduced.

If the objective is to fully reconstruct an amplified version of
the input signal, a sample-and-hold stage followed by a suitable
low-pass filter may be added. Fig. 7(a) shows an implemen-
tation of the resulting system, excluding the final low-pass
filter, and Fig. 7(b) shows the switch control waveforms. Note
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Fig. 7. Proposed amplifier structure. (a) Circuit diagram. (b) Control
waveforms.

Fig. 8. Typical waveforms. Upper trace: signal synchronized to the 2-mVpp
sinusoidal input. Middle trace: � ���. Bottom trace �SH���.

that this design provides an added benefit as the OA output
provides an additional x2 amplification while providing a low
impedance node. In our implementation, a general purpose
TL081CN OA (powered from 5 and 5 V rails) and conven-
tional HEF4066BP CMOS switches were used. Nominal values
of the other relevant components were
k k , and pF. The circuit depicted
is robust and only needs the usual offset compensation circuitry,
which is not shown in Fig. 7(a) for the sake of clarity.

Fig. 8 depicts typical waveforms that may be achieved in
practice. Further experimental waveforms and results for this
circuit are described in [7]. It is also worth noting that the gain
discrepancies observed in [7] are now explained by the results
from Section III-A, which take the pole of the OA into account.
For instance, taking �� MHz (typical for a TL081 OA)
into the circuit in [Fig. 7(a)] with the mentioned component
values gives s . Neglecting the pole of the OA
would give s . In [7], an experimental

Fig. 9. Predicted (solid line) and measured gain (o) as a function of � .

Fig. 10. Linearity test with a two-tone input. Input signal levels are��� dBm.

value of ns was measured, which is in much better
agreement with ns than with ns.

The experimental gain versus for a 1-kHz sinusoidal
input signal sampled at kHz is plotted in Fig. 9.
This figure also shows the predicted gain due to the natural
response—taking the results from Section III-A into ac-
count—with the nominal circuit element values given earlier.
For low values of the forced response cannot be neglected
while, for sufficiently high values of , hangover from the
previous cycle [meaning that (46) is not met] translates into a
gain higher than predicted.

The linearity of the resulting amplifier is mainly determined
by saturation of the OA. This has been investigated on a 42-dB
amplifier configuration using an input signal consisting of
two tones at 23.4 and 23.6 kHz. For an input signal level of

50 dBm, the measured responses at 23.4 and 23.6 kHz were
at dBm, and the main intermodulation products at 23.2
and 23.8 kHz were at 58.2 dBm, as shown in Fig. 10. This
was achieved with kHz and .

From the circuit operation principle, it is clear that clock jitter
may have a strong influence on the circuit’s behavior. For in-
stance, if we consider that exhibits a Gaussian distribution
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Fig. 11. (a) Block diagram of an automatic gain control loop. (b) Associated
waveforms.

around a nominal value, this translates into output samples that
exhibit a lognormal (exponential of a Gaussian) amplitude dis-
tribution. However, if the jitter is small compared to the nominal
value of , the output amplitude distribution may also be ad-
equately approximated by a Gaussian distribution. In any case,
clock jitter translates into increased noise.

To investigate this effect on the same 42 dB amplifier con-
figuration as described earlier, we programmed an Agilent
33250A signal generator to provide a 180-kHz-clock whose
frequency was internally frequency modulated with noise [10].
When the frequency deviation was 18 kHz (10% of the nom-
inal frequency), the displayed noise floor rose to dBm,
measured with a 10-Hz resolution bandwidth. However, for
1.8-kHz-frequency deviation (1% of the nominal frequency) the
noise floor of dBm was already very near to the -dBm
noise-floor level, which was observed without any artificial
modulation. In this case, it turns out that clock jitter may be
neglected for any clock with reasonable jitter specifications.

B. Variable Gain Amplifier and Automatic Gain Control

The described circuit lends itself as a variable gain amplifier.
For a fixed sampling frequency , the gain (in dB) may be
linearly controlled by the duty cycle [7] as may be seen from
Fig. 9, taking the new -axis variable s.

Automatic gain control may be easily achieved with a suit-
able feedback loop controlling the duty cycle , as is sketched
in the block diagram in Fig. 11. The switch control waveform

is obtained from a sawtooth signal of frequency and
the amplitude of the output signal. If the output signal amplitude
increases, the duty cycle is decreased and vice versa.

Experimental results (using a 1N4148 diode and a comparator
block built with a TL081 OA followed by a CMOS gate) show

Fig. 12. Operation as a logarithmic amplifier. Output waveforms for a constant
input of 160 (widest pulse), 80, 40, 20, and 10 mV (narrowest pulse).

that the automatic gain control loop is able to compress a 40-dB
input dynamic range into a 5-dB output dynamic range when

V and V. In this case, the loop is able to
synchronize for any input signal. Choosing V and

allows the loop to track the same 40-dB input range
without any significant change (less than 0.2 dB) in output am-
plitude. However, in this case, the loop needs an acquisition aid,
e.g., in the form of a slow ramp increasing from 0.5 to
0.3 V.

C. Logarithmic Amplifier

For sufficiently high gain, the OA goes into saturation, which
is undesirable for linear operation. However, this may lead to
another useful operating mode, which is described next.

The time it takes for an exponentially growing signal to
achieve saturation ,

(52)

depends logarithmically on the initial amplitude

(53)

As a result, if the output reaches saturation in each sampling
period, the output may be viewed as a pulsewidth-modulated
signal whose average value is dependent on ln .

Fig. 12 depicts the measured for different constant
input signals showing a linear increase in the pulsewidth as
the input signal amplitude is doubled. The circuit values were
the same, as described in Section IV-A with s and

s. The small pulse after the falling edge of
is due to the finite ON resistance of the switch and the finite
saturation recovery time of the OA. Both may be optimized
with commercially available parts. Also, a clamping circuit that
avoids relying on the direct saturation of the OA would enhance
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Fig. 13. Operation as a downconverting mixer for a 455-kHz sinusoidal input
signal. Upper trace: signal measured at the generator output (� in Fig. 14).
Lower trace: sample-and-hold output of the downconverted 9-kHz signal.

Fig. 14. Definition of � ���.

the saturation recovery time of the circuit. More idealized
waveforms may be obtained including a final comparator to
sharpen up the resulting waveform.

Note that in this configuration, the circuit behavior is sim-
ilar to the logarithmic mode of operation in superregenerative
receivers [6].

D. Downconverting Mixer

The sampling frequency may also be lower than that of the
input signal if the latter is a bandpass signal. For instance, the
circuit described (Fig. 7) may be used to downconvert a modu-
lated signal centered around an intermediate frequency of 455
kHz. In this case, a sampling rate of 455/4 kHz may be used.
Such a low sampling rate allows the circuit depicted in Fig. 7 to
achieve sufficient gain.

As an example, Fig. 13 depicts the waveforms measured in an
implementation of the circuit in Fig. 7 for a 455-kHz input signal
with the sampling frequency adjusted to 116 kHz. The upper
trace corresponds to the signal measured at the source terminals,
i.e., in Fig. 14, after the internal 50 resistor. This signal
is a linear superposition of the sinusoidal input and the

circuit response . The exponentially growing pulses gener-
ated during the unstable periods are clearly visible. The bottom
trace depicts the sample-and-hold output corresponding to
the downconverted sinusoidal signal whose frequency is given
by

kHz (54)

In this configuration, and the circuit achieves a conver-
sion gain of 46 dB.

V. CONCLUSION

This paper describes a technique that makes use of the peri-
odic instability of a first-order circuit to achieve sampled ampli-
fication. The approach may be viewed as a baseband implemen-
tation of the principle underlying the operation of the superre-
generative receivers.

A block diagram equivalent to the operation of the circuit has
been proposed. An OA-based implementation of the circuit has
been described, taking into account the main factors that may
limit the performance of the circuit.

Several applications with experimental results have been de-
scribed. A broadband amplifier has been implemented, which,
in contrast to conventional structures, is able to achieve a gain-
bandwidth product greater than the gain-bandwidth product of
the OA. The linearity and the sensitivity to clock phase jitter
of this amplifier have been investigated. A variable gain ampli-
fier and an automatic gain control loop have been implemented
together with a pulsewidth-modulated logarithmic amplifier. Fi-
nally, the equivalent sampling performed by the circuit has been
used to implement a downconverting mixer from 455 kHz to dc.
Simulated and experimental results match the expected circuit
behavior.
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